Progressive skeletal muscle wasting in cancer cachexia involves a process of dysregulated protein synthesis and breakdown. This catabolism may be the result of mal-nutrition, and an upregulation of both pro-inflammatory cytokines and the ubiquitin proteasome pathway (UPP), which can subsequently increase myostatin and activin A release. The skeletal muscle wasting associated with cancer cachexia is clinically significant, it can contribute to treatment toxicity or the premature discontinuation of treatments resulting in increases in morbidity and mortality. Thus, there is a need for further investigation into the pathophysiology of muscle wasting in cancer cachexia to develop effective prophylactic and therapeutic interventions. Several studies have identified a central role for chronic-systemic inflammation in initiating and perpetuating muscle wasting in patients with cancer. Interestingly, while exercise has shown efficacy in improving muscle quality, only recently have investigators begun to assess the impact that exercise has on chronic-systemic inflammation. To put this new information into context with established paradigms, here we review several biological pathways (e.g. dysfunctional inflammatory response, hypothalamus pituitary adrenal axis, and increased myostatin/activin A activity) that may be responsible for the muscle wasting in patients with cancer. Additionally, we discuss the potential impact that exercise has on these pathways in the treatment of cancer-related muscle wasting. Exercise is an attractive intervention for muscle wasting in this population, partially because it disrupts chronic-systemic inflammation mediated catabolism. Most importantly, exercise is a potent stimulator of muscle synthesis, and therefore this therapy may reverse muscle damage caused by cancer cachexia.
Introduction
Cancer cachexia is a multifactorial condition that results in loss of skeletal muscle with or without loss of fat mass. Many interventions, including maintenance of energy balance are not effective in reversing the symptoms of cancer cachexia [1] [2] [3] [4] [5] [6] . Skeletal muscle wasting associated with cancer cachexia is clinically significant because it contributes to a reduction or discontinuation of cancer treatment and is associated with increased morbidity and mortality [7, 8, 2, 9] . Because muscle function may be directly proportional to the amount of muscle mass, decreases in muscle mass lead to weakness and impaired function, which adversely affect quality of life (QOL) [2, 9, 4, 10] . Cancer cachexia is a deleterious syndrome that affects 31-87% of all cancer patients, most of whom have advanced disease [10] [11] [12] , and is responsible for more than 20% of all cancer deaths [13, 14] . Currently, the underlying mechanisms of cancer cachexia are not clearly understood, and there are no FDA-approved treatments.
Recent research has revealed several emerging mechanisms that may contribute to cancerrelated muscle wasting, including malnutrition [15] , an upregulation of cytokines that lead to the down-regulation of genes that promote protein synthesis [16] [17] [18] [19] , and an up-regulation of the ubiquitin proteasome pathway (UPP) [20] . Based on these mechanisms, treatments for cancer cachexia have focused on the maintenance and recovery of skeletal muscle mass through the use of nutritional support [21, 22] , proteasome inhibition [23] , and manipulation of cytokine signaling [24] . Such interventions have shown limited efficacy in clinical trials, and in some cases, have exacerbated side effects associated with cancer and its treatments [23, 21] . Other possible mechanism of cancer cachexia involves the immune system and systemic cytokines, which is chronically activated by cancer and its treatments [25, 26] , the hypothalamic-pituitary-adrenal (HPA) axis, and mitochondria in muscle cells [25] , all of which regulate hormone release and cell respiration [25] . The result of this pathophysiology appears to upregulate myostatin and activin A release, and skeletal muscle metabolism ( Figure 1 ).
of chronic-systemic inflammation on mechanisms that lead to muscle wasting in patients with cancer cachexia and examine the potential therapeutic impact that exercise could have on these mechanisms.
Regulatory Pathways of Skeletal Muscle
The maintenance of skeletal muscle is governed by dynamic processes that regulate protein synthesis and proteolysis [33] . Numerous extracellular signals, which can be hypertrophic or atrophic, activate discrete intracellular signaling pathways. In a homeostatic environment both muscle protein synthesis and breakdown occur simultaneously, influenced by nutrient availability, mechanical loading and hormone regulation [34] . In cancer cachexia, there is a chronic net muscle protein breakdown [35] .
Skeletal muscle mass and muscle fiber size differ based on physiological and pathological conditions. Changes in muscle mass result from net changes in muscle protein as well as organelles and cytoplasm. Increases in muscle mass are observed during development and as a direct result of mechanical overload or anabolic hormonal stimulation [36] . Insulin, insulin-like growth factor-1 (IGF-1), testosterone, and β2-adrenergic agonists provide anabolic hormonal stimulation to skeletal muscle [37] . The binding of insulin and IGF-1 to specific membrane receptors activates the Akt/mTOR-mediated signal propagation system that promotes muscle protein synthesis and inhibits proteolysis [37, 36, 38, 39] .
On the other hand, the UPP is one of the major proteolytic processes [36] . In fact, hyperactivity of this pathway underlies the pathogenesis of muscle wasting that is characteristic of many muscular diseases, including cancer cachexia [33] (Figure 2 ). These proteolytic systems are activated by a number of different stimuli such as inflammatory cytokines, glucocorticoids, oxidative stress, and growth factors (myostatin and activin A) [38] . Evidence suggests that myostatin and activin A play a central role in the stunted muscle growth and muscle loss in various disease states [16, 40] .
In muscle, homeostatic pathways that regulate growth and breakdown function to prevent unnecessary protein cycling. For example, in response to activation by insulin growth factor-1 (IGF-1) or insulin, Akt phosphorylates FoxO, which prevents its translocation into the nucleus in myocytes, thereby inhibiting the proteolytic effects on FoxO [37] . In contrast, nuclear FoxO transcription factors upregulate the expression of ubiquitin ligases that are active in proteolysis [41] . Additionally, during anabolic conditions, phosphorylation of mTOR suppresses the activity of proteolytic pathways (i.e. autophagy/UPP), while activating the translation and building of proteins [42] . Inversely, the activation of FoxO proteins by Smad or nuclear factor kappa B (NF-κB) promotes the transcription of proteolytic proteins while inhibiting protein translation and Akt/mTOR activity [37, 36] (see Figure 2 ). The maintenance of skeletal muscle requires efficient interplay of the anabolic and catabolic systems that are responsible for protein breakdown and synthesis. Dysfunction in these systems may play an important role in the muscle wasting experienced by patients with cancer cachexia. Furthermore, the evolution of cancer cachexia may differentially affect patients with cancer based on the type of cancer diagnosis. Research to elucidate the mechanisms responsible for muscle wasting in patients with cancer cachexia should focus on the role that sustained low-grade systemic inflammation plays in this cascade.
Muscle wasting among different types of Cancer
Muscle Wasting is a prominent feature of cancer cachexia. However, a diagnosis of cancer cachexia involves both the loss of adipose tissue and lean body mass that results in significant weight loss [43] . Although weight loss is common in patients with cancer, occurring at a rate of 50%, the incidence of cachexia is not distributed equally among all cancer diagnosis [44] . Patients with pancreatic or gastric cancers suffer the highest degree of weight loss (83-87%), followed by colon, prostate, and lung cancer (48-61%). Patients with breast cancer, various types of leukemia and sarcomas lose the least amount of weight (31-40%) [45] . Even without the loss of adipose tissue, skeletal muscle depletion is a meaningful prognostic factor of cancer [46] . Cancer-related skeletal muscle wasting has been observed in both human and animal models of cancer cachexia; however, the mechanism(s) of wasting seem to differ based on tumor types [47] . Clinical studies show that the prevalence of muscle wasting ranged from 14%−25% in patients with breast cancer [9, [48] [49] [50] , 39% in colorectal cancer [51] , 47% in non-small cell lung cancer (NSLC) [52] , and 56-63% in patients with pancreatic cancer [53, 54] . Because clinical research on cancer-related muscle wasting is sparse, the underlying mechanisms that cause this condition remain unknown [47] . However, available research in animal models and humans substantiate an interaction among the tumor diagnosis [55] [56] [57] and treatments for the tumor [58] [59] [60] and chronic low-grade inflammation, as possible culprits in the onset and pathogenesis of cancer-related muscle wasting.
Cancers of the gastrointestinal (GI) tract, including pancreatic cancer, may cause or exacerbate cancer-related muscle wasting by causing a decrease in appetite, nausea, vomiting, and dysphagia that leads to negative energy balance [61] . However, the muscle wasting that is experienced by this population cannot be fully explained by a negative energy balance. Research suggest that the magnitude of nutrient deficits do not correlate with the degree of muscle wasting [62] . Furthermore, studies in animal models of cachexia show skeletal muscle wasting in the presence of sustained energy balance [63] . Patients with newly diagnosed lung cancer experienced increased protein turnover while consuming a normal diet [64] . A key factor in patients that experience cancer-related muscle wasting without a decrease in energy consumption may relate to an increase in resting energy expenditure (REE) (caused by tumor-related glucose cycling) [65] and acute phase protein response (APPR) [66] . Together, the pathological increase in REE and APPR result in the synthesis of C-reactive protein (CRP) [67] which is correlated with muscle wasting in patients with GI cancers. The factors contributing to an elevated CRP may include systemic inflammation that result from the tumor burden or increased bacterial translocation in the gut [14] . While the increase in APPR is not fully understood, it may result from decreased amino acid availability caused by insufficient dietary protein intake caused by anorexia.
In patients diagnosed with non-metastatic pancreatic adenocarcinomas (PDAC), the only possible cure is surgical resection [68] . However, most patients experience cancer recurrence due to the aggressive and metastatic nature of the disease [69, 70] . Adjuvant chemo and/or radiation therapy improves survival in patients who undergo resection and is therefore necessary to maximize outcomes [71] [72] [73] . The combination of surgery, chemo, and radiation therapy are the primary treatments for metastatic pancreatic cancer because together, they reduce the size of or slow tumor growth for a time and may increase survival. However, with increases in survival come the burden of treatment toxicities such as skeletal muscle wasting [74] . In patients with PDAC, the presence of chronic systemic inflammation and the loss of muscle mass may be the result of the cancer, chemotherapy and/or the surgical procedure [75, 3, 76] . Chronic systemic inflammation is associated with debilitating muscle wasting that reduces quality of life and treatment tolerance in patients with pancreatic cancer [76, 3] and is correlated with variations in lean tissue and body fat [77] in patients with cancer.
Treatments for cancer that alter endocrine function also play a significant role in cancerrelated muscle wasting. In clinical studies, treatment with Androgen Deprivation Therapy (ADT) in male patients with non-metastatic prostate cancer resulted in significant decreases in lean body mass [60, 59] . This reduction in lean body mass was associated with decreased serum testosterone and estradiol, which are positively correlated with lean muscle mass [78] . The reduction in anabolic activity coupled with catabolism initiated by systemic low-grade inflammation may explain the muscle wasting experienced by this population.
The occurrence of muscle wasting is rare in patients diagnosed with breast cancer and its development most often results from metastatic nature of the tumor. Cancer cells rely on production of pro-inflammatory mediators for growth, defense against cell death, and promotion of metastasis. Therefore, as the tumor grows it may initiate a sharp upregulation of cytokines that leads to skeletal muscle wasting. A case study performed by Consul et al concluded that an increased metastatic breast cancer tumor burden was strongly correlated with muscle wasting [79] . This finding is in line with a study that showed significant muscle wasting in breast cancer patients during the 12-month period before death [80] . This research suggests that muscle wasting may be a product of tumor progression. As the tumor grows, it may activate an uncontrolled increase in pro-inflammatory cytokines that initiates cancer-related muscle wasting during end-stage disease. In agreement with this, clinically, cancer cachexia is a continuum that develops from pre-cachexia, cachexia, and finally refractory cachexia [2] . Research studies have implicated pro-inflammatory cytokines in the etiology of cancer cachexia [81, 82] . In patients with NSLC, it was found that a high percentage of patients suffered muscle wasting consistent with end-stage disease [52] . The etiology of muscle wasting may differ based on the type of cancer; however, chronic systemic inflammation may be the factor that links them together.
Inflammation and the Hypothalamic-Pituitary-Adrenal Axis-Multiple factors contribute to the development of cancer cachexia and the uncontrolled muscle wasting patients with this condition experience. The anatomical distance between tumor cells and sites of muscle wasting suggests that intermediary signals link the two. It is possible that inflammatory cytokines transmit systemic signals that initiate increased protein degradation while reducing protein synthesis. Chronic-systemic inflammation may potentiate muscle wasting through the alteration of myofibrillar intracellular pathways regulated by both hormones and cytokines that slow protein synthesis and accelerate catabolism [83] . Research suggests that the enhanced catabolism experienced by cancer patients with cachexia is mediated primarily by increases in pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α) [84, 85] , interleukin 1 (IL-1), interleukin 6 (IL-6) [86] , and interferon gamma (IFN-γ) [87, 88] and/or decreases in anti-inflammatory cytokines such as interleukin 10 (IL-10) [83] .
TNF-α is produced primarily by macrophages and is involved in physiological processes such as systemic inflammation, apoptosis, and the initiation of the acute phase response [89] . In addition to enhancing its own secretion, TNF-α also stimulates the production of other inflammatory cytokines and chemokines [89] . TNF-α triggers the activation of NF-κB and mitogen-activated protein kinase (MAPK) pathways, both of which are essential for the expression of pro-inflammatory cytokines [89] . For example, TNF-α administration to HepG2 cells induces rapid proteolysis of IκB (α and β), the protein that inhibits NF-κB, which results in its translocation into the nucleus [90] . Although pre-clinical data suggests that chronic exposure to low doses of TNF-α may contribute to pro-inflammatory signaling detrimental to muscle [91] , blocking this pathway has failed to show clinical significance in the treatment of cancer cachexia [92] and incurable malignancies [93] in humans with advanced cancer. Indeed, the role of TNF-α in cancer is controversial. Some early studies in animal models of cancer seemed to show promise in TNF-α as a therapy. One study concluded that exogenous administration of bolus amounts of rTNF-α resulted in hemorrhagic necrosis of SA1 tumor cells in immunocompetent mice [94] . However, this treatment with non-physiological amounts of TNF-α did not result in complete tumor regression, was highly toxic, and in some cases, fatal. Other research in animal models suggests that the binding of TNF-α to its receptors plays a role in protecting cells from apoptosis and induces a range of inflammatory mediators [95, 96] . Conversely, in studies in which animals are genetically modified to overexpress TNF-α the results in some cases were chronic systemic inflammation and autoimmune disease [97, 98] . Furthermore, in biopsies from human cancer, TNF-α production by tumors has been associated with a poor prognosis, loss of treatment response, and cachexia [99, 100] . Differences in these findings may be related to the test species and/or differences in origin of TNF-α production. Regardless, these data seem to suggest that targeting TNF-α alone is not sufficient to prevent cancer cachexia. However, a therapy directed against multiple potentially harmful proinflammatory cytokines may provide greater efficacy. Serum levels of IL-6 and IL-1 are also elevated in animal models of cancer cachexia [101] . IL-1 and IFN-γ have been shown to induce weight loss and anorexia [102] in rat cancer models. In particular, in rats, IL-1β seems to regulate food intake and feeding behavior by causing early satiety and suppressing hunger [103] . In this animal model, IL-1 also elicits the production of IL-6, a cytokine that increases lipolysis and contributes to weight loss. Although IL-6 is thought to be important in the development of cachexia, its effects are indirect [103] . These data suggest that a clinical intervention that targets inflammation in the treatment of cancer cachexia may reduce or prevent muscle wasting in this population.
The inflammatory immune response is mediated in part by neuronal pathways and hormone secretions, and the hypothalamic-pituitary-adrenal (HPA) axis is at the center of this response. In patients with cancer , a chronic inflammatory response may be the result of dysfunctional HPA signaling, resulting in altered glucocorticoid (GC) release or disturbed receptor function [104] . Cortisol, secreted by the adrenal glands is a potent proinflammatory GC hormone and its production is regulated by the HPA axis [104] . The HPA axis is activated by internal and external stimuli that are recognized by higher-order cognitive areas as a threat to homeostasis. The centrally localized regions that identify these threats send excitatory signals to key areas of the hypothalamus causing the synthesis and release of corticotrophin-releasing factor (CRF), which acts on the pituitary gland to initiate a signaling cascade inducing the release of GCs. In healthy humans, GCs initiate a negative feedback system that inhibits their own release [105] . The HPA-axis disturbance observed in several different disease states [106] [107] [108] [109] may alter this negative feedback response leading to augmented GC release and enhanced protein degradation. Basal levels of GC are needed to maintain homeostatic organ and tissue function; however, even small deviations in plasma concentrations of these steroids produce vast changes in a variety of physiological and biochemical factors. Previous research in rats suggests that not only do GCs regulate immune activity, but that the reverse is also true [109] . This research, along with human studies [110, 111] , present evidence that an immune-neuroendocrine feedback mechanism exists in which immune cells secrete molecules that stimulate the release of adrenal GCs to limit their own activity. In fact, exogenous administration of IL-1 [112] , IL-6 [113] , TNF-α [114] , and IFN-γ [115] result in an increase in plasma concentrations of cortisol in cancer patients [116] and healthy humans [117] . IL-6 is a particularly potent activator of the HPA axis. It is well established that IL-1 and IL-6 are two cytokines responsible for stimulating the secretion of adrenocorticotropic hormone (ACTH) [118] , which is produced by the pituitary gland and is the primary physiologic regulator of adrenal GC secretion [119] . Particularly, the hypothalamus mediates communication between the HPA axis and IL-1 [120] . In addition, IL-1 affects several other hormones that are under neuroendocrine control [110] .
Chronic inflammation is a burdensome side effect experienced by cancer patients because of malignancy and cancer treatments such as chemotherapy and radiotherapy [25, 121, 26, 122] . There may be a correlation between chronic inflammation and hyperactivity of the HPA axis in patients with cancer. The result is an overproduction and secretion of ACTH and GC. Increased levels of GC may induce muscle atrophy through upregulation of proteasomes and FoxO transcription factors [123] . In addition to the regulation of proteasomes and FoxO, GCs also contribute to muscle atrophy by inducing resistance to the anabolic regulators insulin, insulin-like growth factor-1 (IGF-1), and leucine, resulting in inhibited protein synthesis [123] . In patients with cachexia, dysregulation at the level of the hypothalamus combined with resistance to growth factors may contribute to poor appetite and IGF-1R function. This dysregulation can lead to reduced nutrient availability that exacerbates muscle wasting driven by processes described above. Given the adverse effects on muscle that a dysfunctional HPA can pose, patients with cachexia may benefit from treatments that target this axis.
Mitochondrial Dysfunction-Reduced energy intake and increased energy expenditure contribute to the debilitating weight loss that patients with cancer cachexia suffer [124] . In other words, not only do patients with cancer cachexia eat less due to changes in appetite and a multitude of other factors, they also utilize more energy during rest and activity than do their non-cachectic counterparts, thus accelerating their weight loss. Indeed, these patients are in a hypermetabolic state characterized by altered regulation of molecular mechanisms, specifically, in mitochondria. Mitochondria in tumors are few in number, have an altered shape, a diluted mitochondrial matrix [125] , and a decreased ability to synthesize adenosine triphosphate (ATP). Thus, tumor cells depend heavily on glucose as a primary energy source [126] . Moreover, systemic effects of cancer can cause mitochondrial dysfunction in distant tissues, leading to systemic energy inefficiency, muscle atrophy, and ultimately whole-body weight loss. Mitochondrial dysfunction in liver [127] and skeletal muscle cells [128] has been discovered in animal models [127, 129] and in human [128] cancer cachexia patients. Mitochondrial dysfunction is associated with reduced oxidative phosphorylation, uncoupling of electron transport from adenosine triphosphate (ATP) production, and loss of skeletal muscle structural integrity [126, 130] . In a rat model of cancer cachexia, significant decreases in mitochondrial phosphatidic acid, phosphatidylglycerol, and cardiolipin are counteracted by increases in phosphatidylcholine levels. The net result of these changes is increased uncoupling and a reduced ability of muscles to produce ATP [131] .
The exact cause(s) of mitochondrial dysfunction in muscle wasting have yet to be fully described, but it has been suggested that alterations in mitochondrial morphology are the result of oxidative damage and cytokine activity. In response to structural alterations, mitochondria experience a reduced capacity to produce antioxidants that defend against reactive oxygen species (ROS) (Figure 2 ). When this occurs, a destructive cycle begins that increases the net production of ROS thereby further damaging mitochondria [132] . Increased ROS leads to accumulation of mitochondrial machinery responsible for maintaining the cellular redox state and not surprisingly, increases in production of inflammatory cytokines. In a murine model of muscle wasting, TNF-α is associated with increased oxidative stress in skeletal muscle in the presence of cancer [133] , and ROS-induced IL-6 alters mitochondrial morphology, decreases mitochondrial content, and reduces cellular respiration [134] . In a mouse model, IL-6 was necessary to induce muscle wasting and its overexpression led to cachexia in pre-cachectic animals [135] . Thus, damage to mitochondria caused by cancer and its treatments leads to increased ROS production. The result is increased cell damage and a chronic inflammatory response that may result in muscle wasting.
Myostatin and Activin A-Myostatin is a protein that inhibits muscle growth and its overexpression may contribute to muscle wasting in patients with cancer cachexia. Myostatin, also known as growth differentiating factor-8 (GDF-8), is a member of the transforming growth factor-beta (TGF-β) family. Expressed primarily in skeletal muscle, myostatin acts as a negative regulator of myocellular development [136, 137] . Muscle cells secrete myostatin through paracrine and autocrine mechanisms. Extracellular myostatin binds to receptors on the surface of muscle cells, activates downstream targets, and causes protein degradation [136] . Systemically, myostatin circulates through the blood and is stored in skeletal muscle in a latent complex bound to a pro-peptide [137] . In addition to the propeptide, follistatin and the follistatin-like proteins also bind to and inhibit myostatin [138] . Follistatin, also a member of the TGF-β super family, binds to myostatin and activin A, and inhibits their signaling capacity [138] . While the mechanism of activation of the myostatin/ activin A complexes is unknown, it has been suggested that mature myostatin is cleaved from the latent complex by proteases, low pH, and ROS [139, 140] (Figure 2 ).
Once activated, myostatin binds to its receptor ActRIIB with high affinity and regulates the expression of downstream target genes [141] . Myostatin initiates muscle wasting by activating UPP. Indeed, proteolysis is an integral component of muscle wasting during disease, both in animals [142] and humans [143, 144] . In fact, the ubiquitin-associated genes atrogin-1, MuRF-1, and E2 14k are upregulated during myostatin treatment [142] (Figure 2 ). In addition to increasing proteolysis, myostatin signaling also inhibits the IGF-1/PI3K/Akt hypertrophy pathway through phosphorylation of Akt thereby increasing translocation of active FoxO1 into the nucleus and increasing expression of atrophy-related genes [142] (Figure 2 ). In vitro, myostatin has been shown to inhibit myoblast growth and myogenic differentiation through the suppression of myoD and Pax3 [142] . In adult muscle tissue myostatin alters satellite cell activation by preventing Pax7 from entering the cell cycle, thereby reducing its potential for self-renewal [145] .
Activins exert a broad range of effects on the differentiation, proliferation, and functions of numerous cells and may play a pivotal role in the muscle wasting that is experienced by patients with cancer cachexia. Activins are members of the Activin-Inhibin subfamily of the TGF-β superfamily [146] . Activins play a role in stimulating the release of folliclestimulating hormone (FSH) from the pituitary gland and in regulating follistatin [147, 148] . Activin A is a major form of activin and, like myostatin, functions as a paracrine/autocrine factor in skeletal muscle. It also assumes a latent complex and is regulated by follistatin and follistatin-like proteins [149] . Activin A regulates biological activities such as cell proliferation and differentiation [150] , the immune response, and angiogenesis [151] .
Myostatin and Activin A exert their biological effects by binding to the same surface receptor complex. Binding to this receptor activates downstream processes that result in the translocation of Smad2/3 and FoxO1 into the nucleus and the upregulation of transcription of proteolytic genes [42, 152] (Figure 2 ). Myostatin signaling can also engage in cross talk with the exercise induced transcription coactivator peroxisome proliferator-activated receptor-γ coactivator-1α (PGC1-α), believed to be a marker of mitochondria biogenesis, in muscle. Its inhibition has been associated with increased production of PGC1-α and mitochondria biogenesis in muscle, which enhanced exercise performance [153] . Growing evidence suggests that signaling by myostatin [154] [155] [156] [157] and Activin A [158] [159] [160] [161] is upregulated in catabolic diseases and contributes to muscle wasting.
Treatment of Cancer Cachexia
Treatments capable of preventing, halting and/or reversing muscle atrophy in cancer cachexia may improve physical function, quality of life, and tolerance to cancer treatments. Pharmaceutical and nutritional [162] [163] [164] [165] [166] therapies have been developed to treat muscle atrophy. These designed therapies target the very pathways reviewed in the prior sections: proteasome inhibition [167, 23, 168] , cytokine signaling [169] [170] [171] , and myostatin inhibition [172, 173, 152, 174] . While targeting these systems held some promise biologically, initially efficacy in clinical trials has been limited. Due to the complex nature of cancer cachexia and the many factors and signaling pathways that contribute to muscle wasting, it is likely that treatments targeting only one aspect of the syndrome will not result in clinically meaningful benefits.
Exercise possesses a sound rationale for treatment of cancer cachexia as it promotes muscle growth via multiple pathways and is typically safe and cost-effective. Moreover, recent research suggests that exercise may alter pathogenesis and progression of the uncontrolled muscle atrophy experienced by cancer patients with cachexia [175] [176] [177] [178] [179] [180] [181] [182] [183] (Figure 2 ). For these reasons, exercise, which is typically safe and cost-effective, should be further explored as a therapeutic strategy for cancer cachexia. The following sections review the impact of exercise on inflammation, the HPA axis, mitochondrial dysfunction, myostatin/activin A, and cancer cachexia.
Exercise and Inflammation-Both resistance and aerobic exercise training have the ability to reduce inflammation [184] . Ironically, acute exercise upregulates C-reactive protein (CRP) in diseased patients, initially; however, after four months of exercise training, resting CRP levels were significantly lower and there was a significant attenuation of exercise-induced CRP [185] . In addition, one study showed that American adults who engaged in frequent exercise tended to have lower CRP than adults who were less active [186] . Single bouts of exercise augment the production of cytokines involved in the acutephase anti-inflammatory response [187] [188] [189] [190] . For example, contracting muscle fibers induce the production of the myokine IL-6, which promotes anti-inflammatory actions in response to exercise. At the onset of exercise, IL-6 is upregulated and increases exponentially up to 100-fold depending on exercise intensity, mode, duration, and amount of muscle mass recruited; it is then downregulated, at the cessation of the exercise bout [190, 191] . Specifically, IL-6 inhibits the production of the pro-inflammatory cytokine TNF-α while increasing plasma concentrations of anti-inflammatory cytokines such as (IL-1 receptor agonist IL-1ra) and IL-10 [192, 193] . Moreover, IL-6 may be involved in the protection against chronic diseases associated with systemic low grade inflammation [193] . The positive effects of exercise-induced increases in circulating IL-6 are quite surprising given its known relationship with muscle wasting in diseased states. More research should focus on delineating the relationship between exercise and disease related upregulation of IL-6. Exercise also directly increases the anti-inflammatory cytokine IL-10 and cytokine inhibitors IL-1ra, sTNF-r1, and sTNF-r2 (TNF receptors) that antagonize inflammatory cytokines by interfering with their ability to signal [189, 194] . It is plausible that exercise can prevent and reverse the muscle atrophy associated with cancer cachexia by altering the production and/or behavior of inflammatory cytokines and affecting systemic inflammation.
Exercise and the HPA axis-Chronic aerobic exercise affects key parameters that regulate HPA axis function. Voluntary wheel running in rodents increased the size and mass of the right adrenal medulla, which facilitated adaptive changes in ACTH levels [195] and normalized GC levels [196, 197] . Exercise can also attenuate the HPA axis response to other physiological [198] and psychological [199] stressors in a dose-dependent manner. These findings suggest that exercise might be capable of mediating the HPA axis response to the physiological and psychological stress caused by cancer and its treatments. Research on the hypothalamus has also explored intermittent exercise-induced adaptations of the HPA axis. In rats, voluntary and intermittent wheel running resulted in a significant reduction in expression of C-fos [199] , a proto-oncogene expressed in the paraventricular (PVN) nucleus of the hypothalamus that has been implicated as a predictor of cancer progression and survival [200] . This finding suggests that voluntary and intermittent running may minimize excitatory input from the PVN to the pituitary gland, possibly resulting in a reduction in ACTH release. This reduction in ACTH would reduce cortisol production, immune response, and inflammation. Regulation of the HPA axis and thus cortisol production, immune response and inflammation may help mediate the muscle wasting experienced by patients with cancer cachexia. Future research should investigate the relationship between exercise related changes in HPA axis function and inflammatory response.
Exercise and Mitochondrial Dysfunction-Muscles contain the highest mitochondrial density of any tissue in the body in order to provide high amounts of ATP for movement and exercise [201] . Among the various types of muscle fibers, Type I fibers contain the largest number of mitochondria; this feature provides for them a greater capacity to resist fatigue. Early studies on the effects of aerobic exercise on skeletal muscle mitochondria determined that chronic aerobic exercise increases mitochondrial biogenesis. In addition, aerobic exercise enhances mitochondrial function by enhancing the coupling of oxidative phosphorylation with ATP production [202] [203] [204] . In a mouse study, changes in mitochondrial function were driven by increases in mitochondrial respiratory enzymes such as succinate dehydrogenase (SDH) and increases in electron transport chain activity in association with decreased oxidative damage [204] . Human studies of diseased populations concluded that exercise improved mitochondrial biogenesis and function. These improvements were observed in patients with diabetes mellitus [205, 206] and in elderly individuals [207] . Increased expression of peroxisome proliferator-activated receptor gamma coactivator (PGC-1α), cardiolipin, and creatine kinase (CK) [208] with associated decreases in uncoupling proteins (UPS) have also been implicated in exercise-induced improvements in mitochondrial status [206] . The transcriptional coactivator PGC-1α, a potent regulator of metabolism in numerous tissues, is widely believed to be required for exercise-induced mitochondrial biogenesis. However, enhanced mitochondrial function and biogenesis were unperturbed in a cohort of mice engineered to lack PGC-1α that were exposed to two weeks of in-cage voluntary wheel running [203] . Therefore, exercise may be as effective in improving mitochondrial function in disease states as it is in healthy states. Decreases in UPS may lead to a downregulation of ROS production, which improves mitochondrial function. Indeed, studies completed in mice show that regular aerobic exercise exerts beneficial neuroprotection through regulation of cytokine and ROS production. This effect of exercise on improvements in mitochondrial function and biogenesis may prove effective in treating the muscle wasting and dysfunction experienced by patients with cancer cachexia. Research should clarify the relationship between exercise-induced modulation of cytokine and ROS production and signaling.
Exercise, Myostatin, and Activin A-Myostatin is a potent inhibitor of skeletal muscle growth and is upregulated in several diseases characterized by muscle wasting and cachexia. Exercise is effective in inhibiting myostatin and activin A [209] in healthy individuals [210, 211] , individuals with kidney failure [212] , diabetes [213] , chronic heart failure [214] , and the elderly [215, 183] ; however, the mechanisms by which exercise exerts its effects on myostatin and activin A are unclear.
One potential mechanism is through the upregulation of follistatin. Follistatin, a member of the TGF-β super family, which binds to myostatin and activin A and inhibits their signaling capacity [138] . Neutralization of myostatin by follistatin has profound effects on skeletal muscle growth [216] . Thus, in mice with follistatin overexpression, marked increases in muscle mass are observed [137] . Exercise has been shown to increase systemic plasma follistatin in humans and mice [217, 218] ; however, Hansen et al [217] found that the increased production of follistatin was not derived from working muscle. In fact, these investigators determined that the increase in plasma follistatin originated from the liver of both human subjects and mice. Other groups have investigated the effects of exercise on the expression of follistatin in skeletal muscle [210, 219, 220] and the results were conflicting. In two of these experiments, intramuscular follistatin was not increased in response to an acute bout of exercise [219, 220] . Conversely, when expression of follistatin in skeletal muscle was assessed in postmenopausal women who were using hormone replacement therapy and engaged in resistance exercise training , an up-regulation was observed in both the intervention and control groups [210] . Neither of these studies assessed systemic levels of follistatin, which may have led to the discrepancy in findings. The exercise-induced increase in follistatin may positively impact the muscle wasting experienced by patients with cancer cachexia by increasing the amount of bound/inactive myostatin and activin A, thereby reducing their signaling capacity.
A primary signaling pathway by which myostatin exerts its deleterious effects on muscle is through the activation of Smad proteins which lead [221] to the downregulation of myogenic regulating factors (MRFs) [222] . Hyperplasia and hypertrophy mechanisms in muscle growth are controlled by the sequential expression of MRFs [223] . Both acute and chronic exercise is effective in reducing myostatin while subsequently up-regulating myogenin and myogenic differentiation factor D (MyoD) [224, 225, 223, 226, 31] . Furthermore, 16 weeks of resistance training, three days/week, resulted in increased skeletal muscle mass, myogenin, and MyoD in healthy men and women [227] . Therefore, exercise may be effective in preventing or halting muscle wasting in patients with cancer cachexia via regulation of the myostatin/activin A pathway.
Exercise in Human Cancer Cachexia-In recent years, the study of exercise as a behavioral intervention in oncology and supportive care research is growing [228] . There is a tremendous need for further exploration into exercise as a therapeutic strategy for cancer cachexia [229] . In addition to its many well-described psychological and physical benefits [230] , exercise interventions are easily paired with anti-neoplastic therapies and could potentially improve physical performance, a task that has proven difficult with pharmacologic anti-cachexia agents [231, 232] . Safety concerns certainly arise when prescribing exercise to patients with cachexia. For this reason, it is vital that exercise duration, mode, and intensity are prescribed based on an individual's medical history, exercise tolerance, and current performance status. Additionally, the type of exercise could range from resistance training to low-intensity activities like waking, yoga, or tai chi [228] . Most importantly, the literature supports that exercise is feasible and safe even in the sickest of population cohorts. For example, in a study of 66 terminally ill cancer patients where the definition of cachexia is not a criterion for inclusion, subjects were randomized to a resistance or a cardiovascular exercise regimen [233] . The resistance training exercise group performed 1 set of 8 to 15 repetitions for all major muscle groups, using free weights or circuit weight training equipment. Unless a lifting restriction was imposed, resistance was set to a level where the participant felt he or she needed a short (1-2 min) rest at the end of the set. Amount of resistance, repetitions, and sets were increased as tolerated. The cardiovascular exercise group performed exercise on aerobic exercise equipment (i.e. stationary bike, treadmill, arm ergometer). Respiratory rate, pulse rate, and perceived exertion were monitored to ensure safe exercise intensities. Participants were asked to exercise at a rate of 10 to 12 (or fairly light) on the Borg Rating of Perceived Exertion Scale for 30-60 minutes. Participants in both groups attended exercise sessions twice weekly for 10 weeks. In this large randomized control trail (RCT) study participant's mean age was 62 years. The group was made up of an even mix of males and females who were all undergoing treatment at the time of the exercise intervention (chemotherapy, radiotherapy, hormone therapy, other therapies). A weakness of this study is that weight is not defined. Research has shown that obesity is linked to chronic low-grade inflammation characterized by elevated levels of circulating pro-inflammatory mediators such as TNF-α and IL-6 [234] . In this condition, muscle wasting may be more severe and exercise more difficult or less effective. Given these factors, almost 80% of the patients completed the study and there were no withdrawals because of exercise-related adverse events. There was also significant improvement in the Short Physical Performance Battery (SPPB) score (Table 1) suggesting exercise may improve physical performance while being safe and attainable in cancer patients. In this study, no significant differences were found in any outcome measures based on mode of exercise.
In a larger study of 231 cancer patients with a prognosis of less than 2 years, subjects were randomized to exercise versus usual care [235] . The mean age of participants was 62 years. The exercise group was comprised of 67% female, 33% male. There were 57% female, 43% male in the usual care group. There was no significant difference in baseline bodyweight between the groups (exercise = 70.4kg, usual care = 72.2kg). In the exercise group 70% of participants reported a previous low level of physical activity ( 1hour/wk), 30% reported high levels (1-2 or 3 hours/wk). In the usual care group 62% reported low levels of physical activity, 32% reported high levels. Interestingly, these numbers mirror the US national averages for physical activity in adults. All participants were currently undergoing treatment for their disease at the time of the intervention. In this study, the exercise group had two exercise sessions per week for 8 weeks. Each session lasted 50-60 minutes and included a warm-up (10-15 minutes), circuit training with six exercise stations (30 minutes) and stretching/relaxation (10-15 minutes). The warm-up exercises were made up of aerobic exercises using large muscle groups. During circuit training each participant completed resistance exercise at six different stations for two minutes, with a one-minute interval in which patients moved to the next station, continuing for 30 minutes in total. The primary focus of each exercise was lower and upper limb strength, standing balance, and aerobic endurance. The stretching and relaxation sessions included five minutes of static stretching for each major muscle group. The usual care group received no exercise intervention.
Only 35% of the enrolled subjects dropped out of the exercise group during the course of the study, which includes 10% who dropped out prior to starting the study. The majority of withdrawals were due to progression of disease. It is important to note that, the participants in these large RCT's all were diagnosed with advanced cancer, but were in good physical condition as indicated by receiving clearance from their primary care physician to exercise and/or a Karnofsky performance status score ≥60. Large percentages of each cohort had received previous treatment for their disease and were undergoing treatment (chemotherapy, radiotherapy, hormonal therapy, and/or targeted therapy) at the time of the exercise intervention. In this study, individuals in the exercise group showed a significant improvement in physical performance when compared to the usual care group (Table 1) . No significant difference was found in ability to complete or benefit from exercise based on previous or current treatment status or activity level in either study. Also, a number of the participants were diagnosed with co-morbidities such as heart disease, lung, disease, diabetes, and other chronic diseases. No significant differences were found in ability to exercise or benefit from exercise based on these conditions, in either study.
Despite being an intuitive therapeutic strategy, a systematic review published in 2013 reported finding no controlled studies examining exercise in pre-cachectic or cachectic patients [236] . Many of the exercise studies evaluated in this review were completed in early stage cancer patients without muscle wasting or weight loss as inclusion criteria. Furthermore, a Cochrane review reported in 2015 determined that there have been no randomized studies examining exercise interventions in cachexia [237] . It was noted that there have been many trials investigating exercise in cancer that likely included subjects with cachexia, but lack of a consistent clinical definition of cancer cachexia, until recently, has made it difficult to assess safety and efficacy of exercise specifically in this population. Most recently, a randomized phase II feasibility trial was published in 2017 evaluating a multimodality intervention that included exercise specifically in those with (<20%) weight loss [238] . The participants were 60% male, 40% female in the exercise group and 50% male and 50% in the non-exercise, control group. Median ages in the exercise and control groups were 63 and 59 years, respectively. All were undergoing treatment for their disease. However, individuals were excluded if they had received anti-cancer treatment therapy in the preceding four weeks before the start of the research study. BMI for both groups were in the normal range (24 kg/m 2 ). In this study the home-based resistance exercise was a combination of resistance exercises for all major muscle groups, performed using resistance bands of different tension, 3 times per week for 20 minutes. Subjects were required to start with one set of 15 reps and increase week to week based on their capabilities. The aerobic exercise regimen consisted of self-paced walking for 30 minutes 2 times per week at the patience leisure. The trial showed a early stages, this trial is significant as it provides evidence 60% compliance rate with the prescribed 10-week home-based resistance and aerobic exercise regimen. Although studying exercise in humans with cachexia remains in the that exercise trials in this population are feasible and will hopefully, lead to large, welldesigned phase III trials in the years to come.
Conclusion
Cancer cachexia is a multifactorial condition characterized by weight loss resulting primarily from loss of muscle mass. The precise mechanisms by which cancer cachexia occurs are unknown, but may involve inflammation, the HPA axis, mitochondria, and myostatin and activin A pathways. Chronic activation of the immune response by cancer and its treatments may be responsible for dysfunction of the HPA axis and mitochondria that results in an upregulation of active myostatin and activin A, both of which can augment protein degradation and reduce protein synthesis. Exercise is a promising intervention and a logical next step in the treatment of muscle wasting that plagues advanced cancer patients. Exercise mitigates protein degradation while enhancing protein synthesis and mitochondrial function, while reducing systemic levels of myostatin and activin A in healthy and diseased populations. However, research on these biological mechanisms of cancer cachexia is sparse; additional research should investigate the impact of exercise on these pathways specifically in patients with cancer cachexia and determine whether or not exercise mediated regulation of the inflammatory response system can alter its downstream targets. Cancer and its treatments cause chronic systemic inflammation that leads to HypothalamusPituitary-Adrenal axis dysfunction that results in increased cortisol production. Increased cortisol production coupled with chronic inflammation causes mitochondrial dysfunction in muscle cells. This mitochondrial dysfunction and chronic inflammation leads to an increase in circulating myostatin/activing, which upregulates the ubiquitin proteasome pathway in muscle cells, and leads to uncontrolled muscle wasting An increase in extracellular proteases and free radicals accompanied by a severe decrease in pH and follistatin activates myostatin/activin factors. In myofibers, binding of myostatin/ activin to their receptors activates downstream processes that inhibit the IGF-1/PI3K/Akt hypertrophy pathway through phosphorylation of Akt, resulting in the translocation of smad 2/3 and FoxO1 into the nucleus and the upregulation of transcription of proteolytic genes, and inhibits myoblast growth and myogenic differentiation through suppression of Pax3/7 and myoD. This cycle of events initiates muscle wasting by upregulating transcription of Atrogin 1, MURF 1, and E2 ligases, which are all active in the ubiquitin proteasome pathway. A chronic inflammatory response leads to altered Hypothalamus Pituitary Adrenal axis signalling causing a dysregulated cortisol response that induces muscle wasting through a resistance to insulin and IGF-1, activation and translocation of NF-κB into the nucleus, and mitochondria dysfunction. Exercise improves muscle wasting by mediating key pathways. Exercise regulates myostatin/activin by reducing proteases and free radicals while increasing pH and follistatin. Exercise activates the PI3K/Akt/mTOR pathway. This pathway inhibits FOXO through phosphorylation. Exercise reduces local and systemic inflammation, regulates cortisol production, and enhances mitochondria biogenesis and myocellular regeneration while reducing production of reactive oxygen species which results in muscle homeostasis. Blue arrows describe the pathways to muscle homeostasis under conditions of chronic exercise. Red arrows describe the pathways to muscle wasting in patients with advanced staged cancer 
